A green cognitive radio that is solely powered by an energy harvester which extracts energy from the RF signal of a primary user transmitter is considered. The cognitive radio operates in a harvesting-transmitting fashion with the period of one time slot. In each period, it first harvests energy for a fixed duration and then transmits data using the harvested energy for the rest of the period. Considering the intrinsic harvestingthroughput tradeoff, we optimise the harvesting ratio of the cognitive radio to maximise its achievable throughput, subject to the interference constraint by the primary user receiver. It is shown that the formulated optimisation problem is convex and we derive a closed-form expression for the optimal harvesting ratio. Simulations validate the correctness and analyse the achievable throughput and optimal harvesting ratio under different parameters.
Introduction: As spectrum efficiency and energy efficiency are increasingly critical for wireless networks, RF-powered cognitive radio networks (RF-CRNs) have attracted a great deal of attention in recent years. Unlike overlay schemes for RF-CRNs [1] [2] [3] in which the secondary users (SUs) operate in a fashion of 'saving-sensing-transmitting', this Letter studies an underlay RF-CRN that works in a 'harvestingtransmitting' fashion, i.e. SUs first harvest energy from the signals of primary users (PUs) and then transmit data using the harvested energy. A similar 'harvest-then-transmit' protocol was proposed in [4] where all users first harvest the wireless energy broadcast by the hybrid-access point in the downlink and then send their independent information to the hybrid-access point in the uplink. Different from [4] , this Letter considers the presence of PUs acting as both the energy supplier and interference to the studied RF-CRNs, which makes the 'harvesting-transmitting' in RF-CRNs more complex and challenging. Motivated by the seminar work on the sensing-throughput tradeoff for overlay CRNs [5] , this Letter for the first time formulates a novel harvesting-throughput tradeoff optimisation problem for an underlay RF-CRN. Similar to [5] , the formulated optimisation problem is also convex and has a unique optimal solution. However, its optimal solution in this Letter is given in a closed form, while the optimal solution in [5] has to be numerically evaluated.
System model: We consider a time-slotted RF-CRN with one PU transmitter-receiver pair and one SU transmitter-receiver pair, as shown in Fig. 1a . The link between the SU (PU) transmitter and the PU (SU) receiver is referred as the primary (secondary) interference link. The link between the PU and the SU transmitters is referred as the energy harvesting link. The PU (SU) transmitter-receiver link is referred as the primary (secondary) transmission link. It is assumed that all the channels remain constant during each slot, but possibly change from one slot to another. For notational convenience, we drop the time index and consider an arbitrary slot. The SU receiver has a fixed power supply, while the SU transmitter is powered by an energy harvester which harvests green energy from the signals of the PU transmitter. The SU transmitter operates in half-duplex mode, i.e. it can only harvest or transmit at one time. The SU transmitter operates in a harvesting-transmitting fashion, which partitions one time slot with duration T into two orthogonal phases. Fig. 1b presents the slot architecture of the SU transmitter. Without loss of generality, the energy storage device of the SU transmitter is assumed empty at the beginning of the studied slot. In the energy harvesting phase, the SU transmitter harvests energy for a duration τ (0 ≤ τ ≤ T). The collected energy by the end of the harvesting phase is given by E = ξg ps τP t , where ξ (0 < ξ < 1), g ps , and P t denote the energy conversation efficiency that depends on the hardware design of energy harvester, the energy harvesting link gain, and the transmit power of PU transmitter, respectively. In the transmitting phase, the SU transmitter will consume the harvested energy for data transmission. However, the transmit power of the SU transmitter P s is subject to the harvested energy from the PU transmitter and the interference constraint from the PU receiver
where I p denotes the peak interference power that the PU receiver can tolerate and g sr denotes the primary interference link gain. Note that, when (ξg ps P t τ/(T − τ)) > (I p /g sr ), the SU transmitter saves the rest of the harvested energy in the energy storage device. The achievable throughput of the RF-CRN can be calculated as follows:
where g s denotes the secondary transmission link gain, g pr denotes the secondary interference link gain, and σ 2 denotes the noise power at the SU receiver.
Let η = (τ/T ) denote the harvesting ratio of the SU transmitter. Then, (2) has an equivalent form
Harvesting-throughput tradeoff optimisation: To maximise the achievable throughput of the studied RF-CRN, we combine (1) and (3), and solve the following optimisation problem by optimising the harvesting ratio η in this section
Theorem 1: Let η* denote the optimal solution to problem (4). A closedform expression of η* is given as follows:
whereĥ
with A = (ξg ps g s P t /(g pr P t + σ 2 )). W(.) denotes the Lambert W function [The Lambert W function, W(x), is defined as the multivalued inverse of the function g(x) = xexp (x) [6] . W(x) is positive for x > 0.] and 'e' denotes the natural constant.
Proof: Two cases are discussed as follows: Case 1: When (ξg ps P t η/(1 − η)) ≥ (I p /g sr ) (i.e.ĥ ≤ h ≤ 1),
is obviously a monotonically decreasing function of η. Therefore, the maximum of problem (4) whenĥ ≤ h ≤ 1 is achieved atĥ. Case 2: When (ξg ps P t η/(1 − η)) < (I p /g sr ) (i.e. 0 ≤ h ,ĥ), we have f (h) = (1 − h) log 2 1 + (Ah/(1 − h) . Taking the first and second derivatives of f (η) with respect to η yields
where ln( · ) denotes the natural logarithm function. Obviously, f ″(η) < 0, which implies the concavity of f (η) and the decreasing monotonicity of f ′ (η) in η for 0 ≤ h ,ĥ [7] . Therefore, the equation f ″(η) = 0 has a unique solution η which is a candidate optimal solution to problem (4) . After simple algebra, we achieve an equivalent form of the equation f ″(η) = 0
where x = A + (1 − A)(1 − η). By invoking the Lambert W function, we get the unique solution ĥ to (8)
It is obvious that the maximum of problem (4) must be achieved atĥ or ĥ. To be specific, h * = ĥ ifĥ . ĥ, and h * =ĥ otherwise. This completes the proof of Theorem 1. □ One important observation from Theorem 1 is that the optimal harvesting ratio is upper bounded byĥ at which the interference constraint by the PU receiver is tight, i.e. P s (ĥ)g sr = I p . It is apparent that boosting η beyondĥ will not increase P s (η), but will decrease the time for data transmission. Consequently, the resulting throughput will be reduced correspondingly.
Proposition 1: Problem (4) is a convex problem.
Proof: It is obvious that the feasible domain defined by (4b) is convex. Further, we rewrite (3) in the following form:
From Theorem 1, we conclude that f(η) is the pointwise minimum of two concave functions, which implies the concavity of f(η) in η [7] . This completes the proof of Proposition 1. All network parameters are selected to describe typical RF-powered CR scenarios [1] [2] [3] [4] [5] . Specifically, we set the parameters as follows: the energy conservation efficiency ξ = 0.95, the energy harvesting link gain g ps = 1, the primary interference link gain g sr = 0.25, the secondary interference link gain g pr = 0.25, the secondary transmission link gain g s = 1, and the noise power σ 2 = 1, while both P t and I p are normalised by σ 2 . Fig. 2 shows the SU's achievable throughput against harvesting ratio η for different values of P t and I p . Obviously, the achievable throughput increases with I p , since large I p implies an enhanced transmitter power of the SU and further an improved throughput f (η). It is clearly shown in Fig. 2 that f(η) is concave in η and the achieved optimal harvesting ratio η coincides with the closed-form solution (5) , which demonstrates the correctness of Proposition 1 and Theorem 1. Fig. 3 shows the optimal harvesting ratio against P t for different values of I p . It is observed that the optimal harvesting ratio increases with I p , which stems from the fact that large transmit power is beneficial when the interference constraint becomes relaxed. Another important observation in Fig. 3 is that for each given I p , the optimal harvesting ratio keeps increasing until h = ĥ and then monotonically decreases to zero as P t → ∞. We have formulated a novel harvesting-throughput tradeoff optimisation problem for an RF-powered underlay cognitive radio. We have proved the convexity of the problem and derived a closed-form expression for the optimal harvesting ratio that maximises the achievable throughput of the cognitive radio while protecting the PU receiver sufficiently.
